Summer heat provides stressful conditions for Bos taurus feeder cattle; in extreme instances these conditions can be fatal. One management option is to provide shade structures for feedlot animals. This study was conducted during the summer of 2001 to compare physiological responses of cattle with shade access or noshade access. Eight steers were selected from a group of 12, and assigned individual pens. Four pens were fitted with shade structures that allowed the steers to choose shade; the remainder had no shade option. The animals were rotated through pen assignments during the summer season. Continuous measures of respiration rate and body temperature were recorded as response variables to the shade treatments. Environmental conditions were monitored for the experimental period. Daytime means and standard errors were 86Á070Á39 breaths min À1 for respiration rate shade, and were significantly lower (probability Po0Á05) than respiration rate Noshade of 102Á370Á36 breaths min À1 . Linear regression fit for daytime data showed the slope for No-shade to be 4Á570Á15 breaths min À1 and 1Á570Á11 breaths min À1 for Shade. Thresholds for humidity and treatment of Shade and No-shade were determined to exist between 25 and 30 1C. Linear regression equations were developed for respiration rate including effects of temperature, humidity, wind speed, and solar radiation for animals in either Shade or No-shade feedlot pens.
Introduction
Cattle are remarkable in their ability to cope with environmental stressors, and within limits can adjust physiologically, behaviourally, and immunologically to minimise adverse effects (Hahn, 1999) . High dry-bulb temperature and humidity, in combination with a solar load and low air movement, can exceed stressor limits with resulting loss of productivity and even death of the animal (Hahn & Mader, 1997; Gaughan et al., 2000; Lefcourt & Adams, 1996; Mader et al., 1999) . Environmental modification strategies generally focus on reducing either temperature or solar load, or increasing air movement. The use of shade structures can reduce the solar load by as much as 30% (Bond & Laster, 1975) , and has received attention as an effective way of mediating summer heat loads (Brown-Brandl et al., 2001; Bond & Laster, 1975; Paul et al., 1998) . Shade structures have the advantage of being passive, allowing animals to choose shade as needed, as compared with spraying systems requiring operator control. Recognising the potential severity of a heat stress event, and providing access to stress-reducing measures such as shade structures, can minimise performance and death losses.
Physiological responses to thermal heat loads are dynamic and complex, involving genotype, age, body condition, nutritional, and health status aspects (Hahn, 1999) . The animal integrates the environmental conditions and then responds adaptively. A variety of measures can be used to indicate heat stress and can include: behavioural observations, rate of gain, daily feed intake, carcass traits, immune function, core body temperature, and respiration rate (breaths min À1 ). Respiration rate is of particular interest as a physiological response, as a large body of research supports a positive correlation between respiration rate and dry-bulb temperature (Ingram & Mount, 1975; Kibler and Brody, 1949; Hahn et al., 1997; Mader et al., 1999; Gaughan et al., 2000; Mitlo +hner et al., 2001; Eigenberg et al., 2000) . Additionally, increased respiration rate has been associated with increases in solar radiation (Spain & Spiers, 1996) , with increased relative humidity (McLean, 1973) and decreased wind speed (Mader & Davis, 2002) . While individual variability does exist among animals (Hahn et al., 1997) , measurement of respiratory rates provides a non-invasive and practical assessment of stress in feedlot cattle due to hot environmental conditions. Respiration rates have the potential to define thresholds for cattle (Hahn et al., 1997) . Davis (2001) used panting scores to develop regression equations to extend the use of the temperature humidity index (I TH ) to include effects of wind speed and solar radiation. Specific respiration rate response relationships can provide guidelines for tactical management of cattle in hot weather. A robust estimate of livestock safety is needed that relates environmental parameters to physiological response.
Objectives
Part I of this study (Brown-Brandl et al., 2005) considered feed and core body temperature response for Shade or No-shade for feedlot cattle. This contribution (Part II) examines respiration rate as the primary physiological response variable to develop predictive relationships in response to dry-bulb temperature, solar radiation, relative humidity, or dew point temperature, and wind speed for Shade and No-shade feedlot cattle.
Materials and methods
Steer responses were studied at USMARC during eight periods within a 4-month time span, beginning in June and ending in September, 2001 . Eight crossbred steers (1/4 Angus, 1/4 Hereford, 1/4 Pinzgauer, 1/4 Red Poll) were selected from an initial group of 12, based on weight, and randomly assigned to one of two treatments: Shade or No-shade at the onset of an experimental period (average length is 4Á5 days for the eight experimental periods, Table 1 ). The steers were rotated sequentially through the pens at the onset of each period. They were placed in concrete surfaced pens (3Á6 m Â 12 m) that were separated by 3Á6 m. Pens were oriented north/south, and were attached to a 122 m long building located on the north side of the pens; the animals were blocked from access to that building. The treatment of Shade was provided by a self-supporting shade structure constructed of metal tubing and 0Á3 mm thick poly-vinyl shade cloth (100% shade, grey on top and bottom). Details are shown in Brown-Brandl et al. (2005) . The structure covered the south end of the Shade treatment pens to a length of approximately 6 m, and across the full-width of 3Á6 m, giving the steers the option of choosing shade. The structure was 3 m high at the peak, with the east side extending down to a height of 2Á4 m, and the west side to a height of 1Á8 m. This design provided shade from about 10:00 h to 19:00 h Central Daylight Time (CDT). The feeder and the waterer were located under the shade toward the south end of the pen.
The steers were given feed and water (automatic waterer) adlibitum, with fresh feed given before 09:00 h CDT. Core body temperature was measured using a telemetry system manufactured by HQ, Inc. (9th Street Drive, West Palmetto, FL, USA), consisting of an implantable transmitter and a CorTemp TM data logger set to log core body temperature on a 30 s interval. Temperature transmitters were surgically implanted in the abdominal cavity by a licensed veterinarian (approximately 3 weeks before the experiment started). Respiration response was recorded for a 1-min duration every 15 min, using an automated logging system developed at the USMARC (Eigenberg et al., 2000) . The temperature and respiration rate loggers were placed in a pouch on a leather harness that was fitted on each steer. Steers were weighed at the end of each treatment period. Solar radiation, wind speed, and relative humidity were obtained from the South Central Station of the Automated Weather Data Network (AWDN) weather station located approximately 2Á5 km north of the pens. On-site measures of relative humidity and wind speed were recorded at the research site (located in the centre of the eight pens) every 15 min for the last four of the eight periods, using a Vantage PRO weather recorder (Davis Instruments, Hayward, CA, USA).
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Data analysis
Core body temperature data and respiration rate were compared as physiological responses to thermally stressing environments (Brown-Brandl et al., 2002) , with respiration rate being identified as the more responsive measure with less thermal lag between core body temperature and respiration rate. Analysis of core body temperature and daily feed intake were developed in a companion paper (Brown-Brandl et al., 2005) . Respiration rate will be used as the primary physiological response in this paper. Respiration rate was tested for the effects of animal, treatment, period, and the interaction of treatment and period, with estimated weight as a covariate using the general linear model procedure of SAS (2000) . A correlation was performed between data collected at the site and data collected at AWDN for dry-bulb temperature, relative humidity, and wind speed. A linear regression was generated with respiration rate as the response variable, and dry-bulb temperature as the independent variable for Shade and No-shade, with the data split into daytime (10:00 to 19:00 h) and nighttime (defined by solar radiation equal to zero). Select data were grouped into bins (based on dry-bulb temperature of 2Á0 1C increments forming each bin); data were then segmented into broad groupings for plotting threshold effects based on respiration rate. A linear regression was conducted with respiration rate as the response variable and dry-bulb temperature, humidity effects (either dew point or relative humidity), solar radiation, and wind speed as independent variables.
Results
Data analysis
Average temperatures and average steer weights for each of the eight periods are shown in Table 1 . Respiration rate was tested for the effects of animal, treatment, period, and the interaction of treatment and period, with estimated weight as a covariate using the general linear model procedure of SAS (2000). Respiration rate was significantly (probability Po0Á05) affected by animal, treatment, period, and interaction of period and treatment. Statistical significance of period and treatment/period interaction was anticipated, as it was driven by environmental conditions during the study period. The covariate, weight, was also significant. Weight was nearly a linearly increasing function of time in this study; as such, it was also affected by environmental factors in a manner similar to period. Table 2 shows treatment means for daytime (10:00 to 19:00 h when shade was available), and nighttime (radiation ¼ 0). Overall averages differed significantly for the treatments, and daytime respiration rate for the No-shade treatment was significantly higher than for the Shade steers. Nighttime respiration rates were statistically different (Po0Á05), with the No-shade treatment showing a lower respiration rate, possibly due to nighttime radiation. These results compare well with a similar experiment conducted in 2000 (Brown-Brandl et al., 2001) , also shown in Table 2 .
Regression equations for respiration rate and drybulb temperature were developed using all data, and A correlation was performed between data from AWDN and the shade study site for wind speed, drybulb temperature, and relative humidity for the last four of the eight periods, when on-site data was available. Both dry-bulb temperature and relative humidity correlate well with values for the correlation coefficient R of 0Á99 and 0Á95, respectively; however, wind speed is not as well correlated with value for R of about 0Á82. This is not unexpected, with the study site location situated between two large structures that affect air movement. On-site wind data were used when available.
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Plots
The overall conditions were summarised on a 24 h basis for the experimental periods and plotted in Fig. 1 . The composite of conditions showed wind speed tracking dry-bulb temperature with a peak at about 16:00 h CDT, and both reaching minimums at about 06:00 CDT; wind speed had an additional low point at 22:00 h CDT. The dry-bulb temperature is relatively flat during daylight hours, peaking slightly at twilight and then dipping to a low at 06:00 h CDT. By definition, relative humidity mirrors the temperature curve, falling when temperatures were highest. Solar radiation peaks about 14:00 h CDT as expected for the geographical location of the study site. Figure 2 displays respiration rate and core body temperature for No-shade data, shown with dry-bulb temperature and solar radiation summarised on a 24 h basis for the entire data set. The resting animal's core body temperature typically falls from about midnight till dawn, while respiration rate is nearly constant over that same period (Fig. 2) . Respiration rate peaked earlier in the day than core body temperature by about 2 h (15:00 h versus 17:00 h CDT). Both declined rapidly after 18:00 h CDT. Respiration Table 3 Regression coefficients (R R ¼ b 0 +b 1 t db ,[where t db is dry-bulb temperature, R R is respiration rate, and b 0 and b 1 are linear regression coefficients]) based on all animal responses to describe differences in respiration rate in unshaded conditions to dry-bulb temperature for all data, and daytime (10:00 to 19:00 h); R rate for the Shade and No-shade treatments are shown in Fig. 3 . The effect of shade is evident from about 10:00-19:00 h CDT, with a 30 breaths min À1 difference occurring at about 15:00 h CDT.
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Thresholds for treatment and humidity effects were observed by grouping data into bins (with a dry-bulb temperature change of 2Á0 1C forming each bin). The dew point temperature data (No-shade only) were separated by first determining the median value (19Á1 1C) of the dew point temperature data, and then splitting into a high (dew point temperature 419Á1 1C) and low (dew point temperature p19Á1 1C) range. The resulting plot is shown in Fig. 4 . Plots for both low dew point temperature and high dew point temperature are parallel initially. As temperature increases, the low dew point temperature curve crosses the high dew point temperature curve at about 27 1C. The dew point temperature curves indicate that for temperatures above 27 1C, a higher dew point temperature brings on higher respiration rates when compared to the lower dew point temperature conditions. giving evidence to the physiological response to solar radiation. These two figures demonstrate a threshold effect that occurs between 25 and 30 1C, which is similar to the thresholds observed by Hahn (1999) and Hahn et al. (1997) .
Regression analysis
The above data suggest a basis for a predictive relationship among the variables of dry-bulb temperature, humidity (measured by dew point temperature or relative humidity), solar radiation, and wind speed, with a dry-bulb temperature breakpoint of 25 1C. A linear regression was performed on the basis of this premise, with respiration rate as the response variable and drybulb temperature, relative humidity or dew point temperature, solar radiation, and wind speed as independent variables, and temperatures greater than 25 1C, with results shown as Eqns (1) and (2).
For No-shade, t db 425 1C:
In Eqns (1) and (2), R R is the respiration rate in breaths min À1 , t db is the dry-bulb temperature in 1C, t dp is the dew point in 1C, H R is the relative humidity in per cent, v w is wind speed in m s À1 , and r s is solar radiation in W m À2 . Both Eqns (1) and (2) have a value for the coefficient of determination R 2 of 0Á45. Equations (1) (based on dew point temperature) and (2) (based on relative humidity) generate an estimate of respiration rate for cattle when temperatures exceed 25 1C under No-shade conditions. All variables of the multivariate linear regression were significant (Po0Á05). The relative contribution (based on the standardised estimate generated by PROC REG of SAS) of each of the variables in Eqn (1) are shown in Table 4 . The table shows solar radiation and dry-bulb temperature to be the greatest contributors to the dynamics, with 51Á4 and 32Á2% respectively. Dew point and wind speed contribute 8Á9 and 5Á7%, with the contribution of steer weight to overall respiration rate dynamics to be less than 2%. Based on this low contribution and the confounding effects with time, weight was not included in the respiration rate predictive equation.
Equation (2) was implemented in a spreadsheet, as well as Eqn (3) for temperature humidity index I TH (Hahn, 1999) :
In Eqn (3), I TH is the temperature humidity index, H R is relative humidity in per cent, and t db is dry-bulb temperature in 1C. Dry-bulb temperature, relative humidity, wind speed, and solar radiation were used as independent variables to generate estimates for respiration rate and I TH . Temperature humidity index values were generated on the spreadsheet for a range of temperatures (25-40 1C) and humidity (30-50%), with corresponding estimates for respiration rates. Based on the spreadsheet output, a change of one unit of I TH corresponded to a 4Á0 breaths min À1 change in respiration rate. The 4Á0 scale factor was used to generate an estimate of the impact that solar radiation and wind speed may have on temperature humidity index, and is shown in Table 5 . The impact of solar radiation is estimated to result in a 0Á97 change of I TH for every 100 W m À2 change in solar radiation. The estimated impact on wind speed indicates a À0Á42 change in I TH for every 1 m s À1 increase in wind speed. Table 5 shows that effects of dry-bulb temperature and relative humidity based on the current study compare well to effects predicted by the I TH equation. The spreadsheet was also used to establish stress thresholds based on respiration values. The spreadsheet was run using the equation for I TH , and assuming a value of 800 W m À2 for solar radiation and 0 m s À1 for wind speed, with relative humidity ranging from 30 to 50% and dry-bulb temperature from 25 to 40 1C. Table 6 shows respiration rate values that would correspond to I TH thresholds for these conditions. The derived values, based on Eqn (2) for No-shade cattle, need to be tested and further data collected, but may serve as estimates of potentially stressful conditions for cattle under hot conditions.
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Conclusions
In this study, cattle with No-shade had daytime respiration rates that were on average 16 breaths min À1 higher than cattle that had shade access. Dry-bulb temperature increases resulted in respiration rate increases that were about three times higher for No-shade animals, compared to animals having shade for daytime conditions. Thresholds were observed to occur for effects of shade and effects of humidity at dry-bulb temperature between 25 and 30 1C. A linear regression equation was developed to estimate respiration rate that includes effects of dry-bulb temperature, dew point temperature or relative humidity, solar radiation, and wind speed for temperatures above 25 1C. Thresholds were developed to relate the temperature humidity index I TH to respiration rates to estimate thermal status of livestock. Future work using respiration rates and panting scores should refine these values for better parameter estimates for a model useful to the cattle feedlot industry. 
